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DFFXUDWH WDLORULQJ RI LWV HOHFWURQLF VWUXFWXUH SODVPRQLF UHVSRQVH DQG HYHQ WKH FUHDWLRQ RI
VLQJOH DWRP GHYLFHV %H\RQG WKH LGHQWLILFDWLRQ RI LQGLYLGXDO GRSDQW DWRPV E\ PHDQV RI ³=
FRQWUDVW´ LPDJLQJ VSHFWURVFRSLF FKDUDFWHUL]DWLRQ LV QHHGHG WR XQGHUVWDQG WKH PRGLILFDWLRQV
LQGXFHGLQWKHHOHFWURQLFVWUXFWXUHDQGSODVPRQLFUHVSRQVH+HUHDWRPLFVFDOHVSHFWURVFRSLF
LPDJLQJLQWKHH[WUHPH89IUHTXHQF\EDQGLVGHPRQVWUDWHG&KDUDFWHULVWLFDQGHQHUJ\ORVV




$WRPE\DWRP PDQLSXODWLRQ LQ WKH DEHUUDWLRQFRUUHFWHG VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRSH 67(0 KDV HPHUJHG DV D SURPLVLQJ DYHQXH IRU ³ERWWRPXS´ IDEULFDWLRQ RI
IXQFWLRQDOQDQRVWUXFWXUHVDW URRPWHPSHUDWXUH>±@'XH WR LWVRQHDWRPWKLFNQHVVFRPELQHG
ZLWKDPRQJRWKHUIDFWRUVDUHODWLYHO\KLJKUHVLVWDQFHWRXQLQWHQGHGHOHFWURQEHDPLUUDGLDWLRQ
GDPDJH LQ W\SLFDO ORZYROWDJH 67(0 REVHUYDWLRQ FRQGLWLRQV JUDSKHQH LV ZHOO VXLWHG DV D
³WHVWEHQFK´ IRU DGYDQFLQJ HOHFWURQEHDPEDVHG DWRPE\DWRP PDQLSXODWLRQ>@ 7KLV LV
HYLGHQW IURP UHFHQW UHSRUWV VKRZLQJ KRZ VLQJOH GRSDQW 6L DWRPV FDQ EH UHDUUDQJHG WR
FRQIRUPWRYDULRXVGHIHFWJHRPHWULHV LQJUDSKHQHXVLQJDKLJKO\IRFXVHGHOHFWURQEHDP>±@
,QLWLDO H[SHULPHQWDO UHVXOWV RQ HOHFWURQ EHDP PDQLSXODWLRQ RI VLQJOH ERURQ QLWURJHQ DQG
SKRVSKRURXVGRSDQWVLQJUDSKHQHKDYHDOVREHHQUHSRUWHG>@VXJJHVWLQJWKDWVXFKDQDSSURDFK
FRXOG LQGHHG PDWXUH WR WKH SRLQW RI EHLQJ D PHDQV E\ ZKLFK YDULRXV IXQFWLRQDO GRSDQW
JHRPHWULHVFRXOGEHUHDOL]HG











LQ ORFDO PRGLILFDWLRQV RI WKH JUDSKHQH¶V SODVPRQLF UHVSRQVH>@ LQFUHDVHG FKDUJH FDUULHU
FRQFHQWUDWLRQ>@ DQG KLJKHU RQRII UDWLRV>@ LQ JUDSKHQHEDVHG ILHOGHIIHFW WUDQVLVWRUV
)XUWKHUPRUH WKH UHDOL]DWLRQ RI RUGHUHG GRSDQW VXSHUODWWLFHV ZLWKLQ JUDSKHQH DNLQ WR WKH
FUHDWLRQ RI TXDQWXP FRUDOV>@ FRXOG DOORZ IRU DQ HYHQ PRUH VSHFLILF DQG DFFXUDWH
PRGLILFDWLRQ RI JUDSKHQH¶V HOHFWURQLF SURSHUWLHV>@ DQG SODVPRQLF UHVSRQVH>@
7KLV LV NH\ IRU RSWLPDO LPSOHPHQWDWLRQ LQ D ZLGH UDQJH RI SURSRVHG GHYLFHV>±@ )RU
LQVWDQFH RI LPPHGLDWH LQWHUHVW IURP D VLQJOHDWRP GHYLFH SHUVSHFWLYH LV WKH FRQWUROOHG
UHDOL]DWLRQRIFRPELQHG%DQG1VLQJOHGRSDQWFRQILJXUDWLRQVIROORZLQJRQIURPWKHUHFHQW
IDEULFDWLRQ RI VHDPOHVV JUDSKHQH p-n MXQFWLRQV XVLQJ % DQG 1GRSHG JUDSKHQH DW WKH
PDFURVFRSLFVFDOH>@:LWKWKLVLQPLQGDWRPE\DWRPPDQLSXODWLRQRIVLQJOHDWRPGRSDQWV
LQ RUGHU WR FRQWUROODEO\ DFKLHYH D WDLORUHG HOHFWURQLF VWUXFWXUH DQGRU RSWLFDO UHVSRQVH LV
FOHDUO\DQDOOXULQJSURSRVLWLRQ>@
)RU WKH RSWLPDO LPSOHPHQWDWLRQ RI DQ\ GHIHFW JHRPHWU\ LQ GHYLFHV D FRPSUHKHQVLYH
FKDUDFWHUL]DWLRQRI WKH ORFDWLRQDQGERQGLQJRI LQGLYLGXDOGRSDQW DWRPVDQGRI WKH LQGXFHG
HIIHFWVRQHOHFWURQLFVWUXFWXUHDQGRSWLFDOUHVSRQVHLVQHHGHG2QWKHRQHKDQG³=FRQWUDVW´
KLJKDQJOH DQQXODUGDUNILHOG +$$') LPDJLQJ DOORZV IRU WKH DWRPLFVFDOH GHWHFWLRQ DQG











ERQGLQJ RI LQGLYLGXDO KHWHURDWRP GHIHFWV LQ JUDSKHQH VXFK DV %>@ 1>@ 3>@ DQG
6L>@ DV ZHOO DV VLQJOH JUDSKHQH HGJH DWRPV>@ &RPELQLQJ VXFK UHVXOWV ZLWK ab initio




S DQG SV SHDNV 7KH FRORUHG EDQGV PDUNHG ,,9 GUDZQ KHUH DV D JXLGH WR WKH H\H
FRUUHVSRQGWRWKHVDPHHQHUJ\ZLQGRZVXVHGIRUWKHH[SHULPHQWDOPDSVVKRZQLQ)LJXUH
,QVHW]RRPHGRXWVSHFWUXPVKRZLQJWKH=HUR/RVV3HDN=/3
&RPSOHPHQWLQJ WKLV FRUH HOHFWURQLF VWUXFWXUH DQDO\VLV WKH DELOLW\ WR GHWHFW LQ D KLJKO\
ORFDOL]HG IDVKLRQ DOWHUDWLRQV RI WKH YDOHQFH DQG SODVPRQLF UHVSRQVH RI JUDSKHQH DW 89







,W ZDV VKRZQ LQ SDUWLFXODU WKDW E\ LQWHJUDWLQJ WKH VSHFWUXP LQWHQVLW\ LQ WKH ! a  H9 ORVV
UHJLRQ H[WUHPH89 UDQJH )LJXUH  ZKHUH WKH UHODWLYH FRQWULEXWLRQ RI VLQJOHHOHFWURQ
LQWHUEDQG WUDQVLWLRQV WR WKH ORVV VSHFWUXP LV VLJQLILFDQW LW LV SRVVLEOH WR FUHDWH DWRPLFDOO\
UHVROYHG HQHUJ\ ORVV ODWWLFH PDSV RU ³LPDJHV´ RI QRQGRSHG JUDSKHQH>@ DQG RI JUDSKHQH




RI VWDWHV>@ ZKLFK DOVR FDQ EH PDSSHG DW WKH DWRPLF VFDOH>@ $OWKRXJK ORFDOL]HG YDOHQFH
((/6LPDJHFRQWUDVWFKDQJHVFHQWHUHGRQLQGLYLGXDO%DQG1GRSDQWVLQJUDSKHQHKDYHDOVR
EHHQ UHSRUWHG IRFXVLQJ LQ SDUWLFXODU RQ PLG89 aH9 HQHUJLHV>@ WKH KLJKHU IUHTXHQF\
UDQJHLVVRIDUODUJHO\XQH[SORUHGIRUWKH%DQG1GRSHGV\VWHPV
,QWKLVUHSRUWZHFRPELQHH[SHULPHQWDQGWKHRU\WRVKRZWKDWXVLQJ67(09((/6DOORZVIRU
LPDJLQJ WKH HQHUJ\ ORVV GHSHQGHQW HOHFWURQ VWUXFWXUH PRGLILFDWLRQ LQGXFHG E\ VLQJOH
VXEVWLWXWLRQDO % DQG 1 GRSDQWV LQ JUDSKHQH IRU D UDQJH RI H[WUHPH89 IUHTXHQFLHV ZLWK
DWRPLF UHVROXWLRQ &RPELQLQJ VXFK PHDVXUHPHQWV ZLWK D FKDUDFWHUL]DWLRQ RI WKH DVVRFLDWHG
SODVPRQLFUHVSRQVH>@GHPRQVWUDWHVKRZ67(09((/6RIIHUVLQIRUPDWLRQRIKLJKSRWHQWLDO








)LJXUH  ([SHULPHQWDO 67(09((/6 PDSV DQG 0$$') LPDJHV HQFRPSDVVLQJ HLWKHU D
VLQJOHDQLWURJHQRUFERURQVXEVWLWXWLRQDODWRPGRSDQW&RUUHVSRQGLQJVLPXODWHG9((/6
PDSV DQG 0$$') LPDJHV DUH VKRZQ LQ E DQG G IRU 1 DQG %GRSHG JUDSKHQH
UHVSHFWLYHO\(QHUJ\ORVVLQWHJUDWLRQZLQGRZVDUHLQGLFDWHG7KHFRQWUDVWYDOXHVSURYLGHGIRU








)LJXUH  VKRZV 67(0 PHGLXPDQJOH DQQXODUGDUNILHOG 0$$') LPDJHV DQG 67(0
9((/6PDSVVSDQQLQJHQHUJ\ ORVVHVRI±H9RISDWFKHVRI VXVSHQGHGVLQJOH OD\HU
JUDSKHQH ZKLFK FRQWDLQ D VLQJOH VXEVWLWXWLRQDO 1 )LJXUH D RU % )LJXUH F GRSDQW $
FRPSDULVRQRIWKHVHLPDJHVWRFRUUHVSRQGLQJVLPXODWHG0$$')LPDJHVLQ)LJXUHE1DQG
)LJXUHG%GHPRQVWUDWHVWKHZHOONQRZQDELOLW\RI$')67(0IRUDWRPE\DWRPFKHPLFDO
LGHQWLILFDWLRQ LQ GLPHQVLRQDO PDWHULDOV WKH KLJKHU ORZHU FRQWUDVW RI WKH 1 % GRSDQW
FOHDUO\ GLIIHUV IURP WKDW RI WKH VXUURXQGLQJ & DWRPV>@ 7KH FRUUHVSRQGLQJ VLPXODWHG
9((/6PDSVDUHVKRZQLQ)LJXUHE1DQG)LJXUHG%7KHPDSSHGHQHUJ\ORVVUHJLRQV
FRPSULVH WKH ³ʌı´ SHDN DQG LWV H[WHQGHG WDLO WKH H[WHQW RI WKHVH LQWHJUDWLRQ ZLQGRZV LV
GHSLFWHG RQ )LJXUH  DQG )LJXUHV 6 LQ WKH 6XSSRUWLQJ LQIRUPDWLRQ SURYLGHG ,Q 67(0
9((/6H[SHULPHQWV WKHQDWXUHRI WKHʌıSHDNRIGRSHGVLQJOHOD\HUJUDSKHQHLVFRPSOH[
EXW LQEURDG WHUPV LWFDQEHGHVFULEHGDVDVXSHUSRVLWLRQRI WZRı LQWHUEDQGSODVPRQVRQD
EDFNJURXQG RI LQWHUEDQG WUDQVLWLRQV>@ 7KH GHJUHH RI FROOHFWLYH SODVPRQLF FKDUDFWHU RI
WKH SHDN GRHV GHSHQG KRZHYHU RQ WKH PDJQLWXGH RI PRPHQWXP WUDQVIHU DOORZHG WR
FRQWULEXWHWRWKHVSHFWUXP>@ZKLFKFDQEHFRQWUROOHGHJE\WKH67(0EHDPFRQYHUJHQFH
DQG ((/6 FROOHFWLRQ DQJOHV ,Q WKH H[SHULPHQWDO FRQGLWLRQV XVHG KHUH VHH ([SHULPHQWDO
6HFWLRQIRUGHWDLOV WKHʌıSHDNLVH[SHFWHGWRUHWDLQVRPHSODVPRQLFFKDUDFWHUEXWZLWKD
VWURQJ LQWHUEDQG FRQWULEXWLRQ WR WKH RYHUDOO VSHFWUXP IRU IXUWKHU GLVFXVVLRQ RI WKH IHDWXUHV
IRXQGLQDYDOHQFHHOHFWURQHQHUJ\ORVVVSHFWUXPRIJUDSKHQHVHH5HIHUHQFHV>±@
2YHUDOO WKHTXDOLWDWLYHDJUHHPHQWEHWZHHQWKHRU\DQGH[SHULPHQW LVH[FHOOHQW)LJXUH6LQ
WKH 6XSSRUWLQJ LQIRUPDWLRQ SURYLGHG DOVR VKRZV D FRPSDULVRQ RI WKH FDOFXODWHG DQG
H[SHULPHQWDO VSHFWUD 1RWH WKDW XQFHUWDLQWLHV LQ H[FKDQJHFRUUHODWLRQ IXQFWLRQDOV UHGVKLIWV
FRQGXFWLRQ EDQG VWDWHV LQ WKH FDOFXODWHG ab initio HOHFWURQLF VWUXFWXUH UHVXOWLQJ LQ D VOLJKW







)LJXUH 6 LQ WKH 6XSSRUWLQJ LQIRUPDWLRQ SURYLGHG IRU IXUWKHU GLUHFW FRPSDULVRQV EHWZHHQ




QRQGRSHG JUDSKHQH>@ :KLOH WKLV VXJJHVWV WKDW H[FLWRQLF HIIHFWV PD\ DOVR SOD\ D UROH IRU
H[SHULPHQWDO 9((/ VSHFWUD WKH LQFOXVLRQ RI VXFK HIIHFWV LQ WKH SUHVHQW VLPXODWLRQV LV
FRPSXWDWLRQDOO\ LPSUDFWLFDO 'XH WR WKHVH FRPSXWDWLRQDO UHVWULFWLRQV FRPSDULQJ FDOFXODWHG
DQG H[SHULPHQWDO 9((/6 PDSV EDVHG RQ DEVROXWH HQHUJ\ ORVV DORQH LV FKDOOHQJLQJ
1HYHUWKHOHVV DPHDQLQJIXO FRPSDULVRQEHWZHHQ H[SHULPHQW DQG WKHRU\ FDQEHREWDLQHGE\
DGMXVWLQJ WKH DEVROXWH HQHUJ\ ORVV LQWHJUDWLRQ ZLQGRZ UDQJHV VOLJKWO\ WR HQVXUH WKH VDPH
VSHFWUDO IHDWXUHV FRQWULEXWH WR WKH WKHRUHWLFDO DQG H[SHULPHQWDO PDSV DQG VR WKDW HDFK
WKHRUHWLFDO PDS FRQWUDVW EHVW PDWFKHV WKDW RI WKH FRUUHVSRQGLQJ H[SHULPHQWDO PDS 7KH
LQWHJUDWLRQZLGRZVXVHG WRJHQHUDWH WKHPDSV LQ)LJXUHDUH LOOXVWUDWHG IRUFRQYHQLHQFH LQ
)LJXUH 6 RI WKH 6XSSOHPHQWDU\ LQIRUPDWLRQ SURYLGHG 3DLUV RI UHVXOWLQJ H[SHULPHQWDO DQG





H[SHULPHQWDO PDSV 7KLV VXJJHVWV WKDW DQ\ ORFDOL]HG FRQWUDVW LQ WKLV HQHUJ\ ORVV UHJLRQ LV
VLJQLILFDQWO\ OHVV SURQRXQFHG WKDQ LQ WKH FDVH RI 6L GRSDQWV $GGLWLRQDOO\ FDXWLRQ PXVW EH
WDNHQEHFDXVHWKHH[SHULPHQWDO9((/6PDSFRQWUDVWLQWKLVLQWHJUDWLRQZLQGRZFDQEHFRPH

















SURJUHVVLYHO\ VSDQQLQJ UHJLRQ ,,, WKH PDS FRQWUDVW UHPDLQV ODUJHO\ XQFKDQJHG IRU ERWK
VDPSOHV FRPSDUHG WR WKH ZLGHU  H9 ZLQGRZ 7KH  H9 PDS ZDV WKXV GHHPHG
UHSUHVHQWDWLYHDQGSUHIHUUHGIRULOOXVWUDWLRQSXUSRVHVWKDQNVWRLWVKLJKHUVLJQDOWRQRLVHUDWLR
/DVWO\ LQ UHJLRQ ,9 WKH H[SHULPHQWDO JUDSKHQH ODWWLFH FRQWUDVW LV VLJQLILFDQWO\ UHGXFHG DV
FRPSDUHGWRUHJLRQ,,,UHVXOWLQJLQWKHPRVWSURPLQHQWIHDWXUHEHLQJWKHGHFUHDVHLQFUHDVH
LQ LQWHQVLW\ FHQWHUHG RQ WKH % 1 DWRP 7KLV LV UHIOHFWHG LQ WKH FRUUHVSRQGLQJ WKHRUHWLFDO
PDSV ZKHUH WKH FRQWUDVW DW WKH FHQWHU RI WKH KH[DJRQDO ULQJV LV FRPSDUDEOH WR WKDW DW WKH

























DQG FRQGXFWLRQ VWDWHV ZLWK WKDW HQHUJ\ GLIIHUHQFH DQG WDNH LQWR DFFRXQW WKH ZLGWK RI WKH




WKH SUHGLFWHG VKLIW RI VWDWHV DZD\ IURP WKH )HUPL OHYHO VLPLODUO\ H[SODLQV WKH UHGXFWLRQ LQ
9((/6PDSFRQWUDVWFHQWHUHGRQWKH1DWRPIRUHQHUJ\ORVVHVH9UHJLRQ,,DQGWKH





GRSHGJUDSKHQHGHFUHDVLQJ IDUDZD\IURPWKH)HUPL OHYHO$VGLVFXVVHGDERYH LQ UHJLRQ,
WKH FDUERQDFHRXV PDWHULDO FRQWULEXWLRQ WR WKH H[SHULPHQWDO PDSV SUHYHQWV D FRQFOXVLYH
YHULILFDWLRQRIWKHSUHGLFWHGORFDOL]HGUHGXFWLRQLQFRQWUDVWIRUERWKGRSDQWV\VWHPV
2XUUHVXOWVILWZHOOZLWKWKHSUHGLFWLRQRIORFDOL]HGXQRFFXSLHGʌDQGıVWDWHVLQGXFHGE\









,Q D PRUH JHQHUDO FRQWH[W RXU GHPRQVWUDWLRQ RI DWRPLFVFDOH PDSSLQJ RI GRSDQWLQGXFHG
PRGLILFDWLRQV RI WKH HOHFWURQLF VWUXFWXUH RI JUDSKHQH KDV REYLRXV LPSOLFDWLRQV IRU WKH





QLWURJHQ GRSLQJ RI JUDSKHQH DW WKH PDFURVFRSLF VFDOH LV DOVR RI VLJQLILFDQW LQWHUHVW IRU
LPSOHPHQWDWLRQ LQDZLGHU UDQJHRIJUDSKHQHEDVHGGHYLFHVQRW OLPLWHG WRQDQRHOHFWURQLFV
DSSOLFDWLRQV 7KLV LQFOXGHV IRU LQVWDQFH WKH HODERUDWLRQ RI PHWDOIUHH FDWDO\VWV>@




DQDO\WLFDO LQIRUPDWLRQ WKDW FRXOG DLG WKH GHYHORSPHQW DQG GHVLJQ RI WKHVH GHYLFHV ZKHUH
DWRPE\DWRPPDQLSXODWLRQLQWKH67(0FRXOGEHXVHGLQWKHLUIDEULFDWLRQ
&RQFOXVLRQ
,Q VXPPDU\ ZH XVHG 67(09((/6 WR LPDJH FKDQJHV LQ HOHFWURQLF VWUXFWXUH LQGXFHG E\
VLQJOH%DQG1GRSDQWV LQJUDSKHQHDW WKHDWRPLFVFDOH7KH LQFRUSRUDWLRQRID%1DWRP







WKH KLJKO\ IRFXVHG HOHFWURQ EHDP LQ WKH 67(0 QRW RQO\ DOORZV IRU DWRPE\DWRP
PDQLSXODWLRQRIGHIHFWVLQJUDSKHQHEXWDOVRIRUWKHDFTXLVLWLRQRIGHWDLOHGRSWLFDOUHVSRQVH
DQGHOHFWURQLFVWUXFWXUHGDWDIURPWKHUHVXOWLQJVWUXFWXUHVDWWKHDWRPLFVFDOH7KH67(0LV






XVLQJ WKH *|WWLQJHQ PDVVVHOHFWHG LRQ EHDP GHSRVLWLRQ V\VWHP VXFK WKDW WZR VHWV RI
RWKHUZLVH LGHQWLFDO VDPSOHV ZHUH XVHG IRU WKLV ZRUN RQH %LPSODQWHG DQG WKH RWKHU 1
LPSODQWHG )XUWKHU GHWDLOV DUH JLYHQ LQ 5HIHUHQFH>@ DQG UHIHUHQFHV WKHUHLQ 7KH QRQGRSHG
JUDSKHQHUHIHUHQFHVDPSOHLVFRPPHUFLDOO\DYDLODEOHIURP*UDSKHQHD>@
STEM-EELS characterization: ([SHULPHQWDO GDWD ZDV DFTXLUHG XVLQJ WKH 'DUHVEXU\ 1LRQ
8OWUD67(00& GHGLFDWHG VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH HTXLSSHG ZLWK D
*DWDQ (QILQLXP (56 VSHFWURPHWHU 7KH RSHUDWLQJ YROWDJH ZDV  N9 DQG WKH EHDP
FRQYHUJHQFH VHPLDQJOH ZDV  PUDG UHVXOWLQJ LQ D  c HOHFWURQ SUREH>@ 7KH 0$$')
LPDJHGHWHFWRUVHPLDQJOHZDVíPUDG7KHVSHFWURPHWHUFROOHFWLRQVHPLDQJOHZDV
PUDG)RUVSHFWUDIURPWKH%DQG1GRSHGVDPSOHVWKHHQHUJ\UHVROXWLRQi.e., WKH]HURORVV
SHDN±=/3 IXOOZLGWKDWKDOIPD[LPXP):+0ZDV OLPLWHGE\ WKHGHWHFWRUSRLQWVSUHDG
IXQFWLRQ DW  H9 GXH WR WKH XVH RI D VSHFWUDO VDPSOLQJ RI  H9 SHU FKDQQHO 6SHFWUXP
LPDJHVRI WKH%DQG1GRSHGVDPSOHVZHUHDFTXLUHGXVLQJ*DWDQ¶V³'XDO((/6´PRGH LQ
RUGHUWRRSWLPL]HVLJQDOWRQRLVHLQWKHYDOHQFHORVVUHJLRQVHHe.g.5HIHUHQFH>@H[SRVXUH











RI WKHQRQGRSHGJUDSKHQH UHIHUHQFH VDPSOH LQ)LJXUH6 WKH'XDO((/6PRGHZDVXVHG




Computational details: ,QLWLDO DQG ILQDO HOHFWURQLF ZDYHIXQFWLRQV ZHUH FDOFXODWHG XVLQJ
'HQVLW\ )XQFWLRQDO 7KHRU\ ')7 DV LPSOHPHQWHG LQ WKH 9LHQQD ab initio 6LPXODWLRQV
3DFNDJH 9$63>±@ :H ZRUNHG ZLWKLQ WKH *HQHUDOL]HG *UDGLHQW $SSUR[LPDWLRQ **$
DQG WRRNLQWRDFFRXQWSURMHFWRUDXJPHQWHGZDYH3$:FRUUHFWLRQV>@HVVHQWLDOIRUSURSHU
WUHDWPHQW RI WKH ORZ PRPHQWXP WUDQVIHU ³GLSROH´ OLPLW 7R VLPXODWH LVRODWHG VLQJOH
VXEVWLWXWLRQDOGHIHFWVZHXVHDQH[SDQGHGîîJUDSKHQHVXSHUFHOOZLWKcRIYDFXXP
DORQJWKH]GLUHFWLRQWRVLPXODWHWKH'QDWXUHRIWKHV\VWHPDQGDYRLGFRUUHODWLRQVEHWZHHQ
QHLJKERULQJ LPSXULWLHV GXH WR SHULRGLFLW\ 7KH %ULOORXLQ ]RQH ZDV VDPSOHG E\ XVLQJ D
îîNSRLQWPHVKZKLFKZDV IRXQG WREH VXIILFLHQW IRUREWDLQLQJD UHOD[HGGHQVLW\RI
VWDWHV:HFDOFXODWHGDOOHOHFWURQLFVWDWHV UHTXLUHG LQRUGHU WR LQFOXGHDOOSRVVLEOHHOHFWURQLF
H[FLWDWLRQV ZLWK HQHUJ\ORVVHV XS WR  H9 7KH HQHUJ\ORVV DQG PRPHQWXPWUDQVIHU
GHSHQGHQW LQHODVWLF VFDWWHULQJ SRWHQWLDO ZDV FDOFXODWHG ZLWKLQ WKH ORFDO DSSUR[LPDWLRQ>±@
XVLQJ ')7 LQLWLDO DQG ILQDO VWDWHV 'XH WR WKH DEVHQFH RI FKDQQHOLQJ HIIHFWV IRU '








GDWD 0$$') LPDJH VLPXODWLRQV ZHUH FDUULHG RXW XVLQJ WKH 467(0>@ VRIWZDUH SDFNDJH
XVLQJSDUDPHWHUVUHSUHVHQWDWLYHRIWKHH[SHULPHQWDOFRQGLWLRQV
$FNQRZOHGJHPHQWV
6XSHU67(0 LV WKH 8. (QJLQHHULQJ DQG 3K\VLFDO 6FLHQFHV 5HVHDUFK &RXQFLO (365&
1DWLRQDO 5HVHDUFK )DFLOLW\ IRU $GYDQFHG (OHFWURQ 0LFURVFRS\ 7KH DXWKRUV JUDWHIXOO\
DFNQRZOHGJH'U7UHYRU+DUGFDVWOHIRUSHUIRUPLQJWKHEDQGVWUXFWXUHFDOFXODWLRQVUHSURGXFHG
LQILJXUH6RIWKH6XSSOHPHQWDU\,QIRUPDWLRQSURYLGHG$OOQHZQXPHULFDOFDOFXODWLRQVZHUH
SHUIRUPHG DW WKH 1DWLRQDO (QHUJ\ 5HVHDUFK 6FLHQWLILF &RPSXWLQJ &HQWHU 1(56& 7KLV
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$FFXUDWH FRQWURO RI WKH HOHFWURQLF DQG RSWLFDO SURSHUWLHV RI JUDSKHQH LV NH\ IRU RSWLPDO
XWLOL]DWLRQ LQ QH[W JHQHUDWLRQ GHYLFHV 0RGLILFDWLRQ RI JUDSKHQH¶V H[WUHPH89 RSWLFDO
UHVSRQVH LQGXFHGE\VLQJOHDWRPQLWURJHQDQGERURQGRSDQWV LV LPDJHGRQ WKHDWRPLFVFDOH
XVLQJ YDOHQFH HOHFWURQ HQHUJ\ ORVV VSHFWURVFRS\ LQ WKH VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRSH
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